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Complex I subunit compositionComplex I (NADH:ubiquinone oxidoreductase) is the largest enzyme of the mitochondrial respiratory chain.
Compared to its bacterial counterpart which encompasses 14–17 subunits, mitochondrial complex I has
almost tripled its subunit composition during evolution of eukaryotes, by recruitment of so-called accessory
subunits, part of them being speciﬁc to distinct evolutionary lineages. The increasing availability of numerous
broadly sampled eukaryotic genomes now enables the reconstruction of the evolutionary history of this large
protein complex. Here, a combination of proﬁle-based sequence comparisons and basic structural properties
analyses at the protein level enabled to pinpoint homology relationships between complex I subunits from
fungi, mammals or green plants, previously identiﬁed as "lineage-speciﬁc" subunits. In addition, homologs of
at least 40 mammalian complex I subunits are present in representatives of all major eukaryote assemblages,
half of them having not been investigated so far (Excavates, Chromalveolates, Amoebozoa). This analysis
revealed that complex I was subject to a phenomenal increase in size that predated the diversiﬁcation of
extant eukaryotes, followed by very few lineage-speciﬁc additions/losses of subunits. The implications of this
subunit conservation for studies of complex I are discussed.lsevier B.V.© 2011 Published by Elsevier B.V.1. Introduction
Mitochondrial complex I is the largest membrane-bound multi-
subunit complex of the mitochondrial respiratory chain. With an
apparent molecular mass of ca. 1000 kDa, it comprises 45 subunits in
mammals [1], and more than 40 in ascomycete fungi and green plants
(39 in Neurospora crassa [2], 42 in Yarrowia lipolytica [3,4], 41 in Pichia
pastoris [5], 48 in the ﬂowering plant Arabidopsis thaliana [6], 42 in the
greenalgaChlamydomonas reinhardtii [7]). Five (e.g., inChlamydomonas)
to nine (e.g., in land plants) subunits (the ND or NAD subunits) are
usually encoded in the mitochondrial genome, whereas the remaining
subunits are nuclear gene products. A simpler enzyme is found inα and
γ-proteobacteria with only 14–17 subunits, all of which have highly
conserved counterparts in eukaryotic complex I [8–10]. Eukaryotic
complex I thus contains approximately three times more subunits than
its bacterial homolog, though most of these accessory/supernumerary
subunits have no known function in the catalytic activity of the complex
[for further discussion 2,11,12]. Nevertheless, some of them stabilize or
play a role in the biogenesis of the complex as highlighted by several
studies on Neurospora mutants [reviewed by 2]. Thanks to the
availability of new protein sequence data in various organisms, the
number of complex I subunits identiﬁed as bona ﬁde conserved subunits
betweenmammals, fungi and greenplants has increasedwith years (e.g.27 in 2003 [11], 31 in 2004 [7], 32 in 2005 [13], 34 to 37 in the last couple
of years [6,14]). Previous attempts to reconstruct complex I evolution
history in eukaryotes have also been conducted, leading to the
conclusion that complex Iwas subject to a increase in size that predated
the separation of metazaoa, fungi and plants, followed by a progressive
adding of accessory subunits in the lineages [13,14]. Most lineage-
speciﬁc subunits are small hydrophobic proteins that are probably part
of the membrane domain [5,6,13,15,16]. Such proteins easily escape
identiﬁcation by mass spectrometry from gel electrophoresis-based
approaches because they have only few tryptic sites and are usually not
well resolved in SDS gels. In addition, they are generally poorly
conserved within their own lineage. It is thus difﬁcult to rule out the
possibility that some (if not most) of these so-called lineage-speciﬁc
subunits are merely divergent homologs of the small hydrophobic
subunits found in other lineages.
As the number of sequenced eukaryotic genomes increases, iterative
sequence-to-proﬁle (i.e., PSI-BLAST [17]) and proﬁle-to-proﬁle (e.g.
HHpred, [18]) comparison methods became powerful tools to identify
highly divergent homologs in distant organisms. In this work, I analyzed
known complex I subunits by these iterative searchmethods to uncover
homology relationships missed by single-pass database searchmethods
and extended these searches to eukaryotic assemblages (Amoebozoa,
Chromalveolata, Excavates) forwhich no extensive study of the complex
I subunit composition is available. In addition, as accessory subunits
probably play a role in the structure rather than in the activity of the
complex, secondary structures should probably bemore conserved than
primary amino acid sequences. Therefore, the presence/absence of
1391P. Cardol / Biochimica et Biophysica Acta 1807 (2011) 1390–1397conserved putative transmembrane helices, as well as similar physico-
chemical properties (e.g., hydropathy, molecular weight) were consid-
ered as supporting evidence for assessing homology between proteins
from distant evolutionary lineages. Finally, structural, biochemical or
molecular data pertaining to the subunit localization within complex I
were also taken into account when available.
2. Methods
Protein sequences were retrieved from the National Center for
Biotechnology Information (NCBI) servers (http://www.ncbi.nlm.nih.
gov). Eukaryotic homologous sequences were identiﬁed using PSI-
BLAST [17] against non-redundant (nr) protein sequence database,
available at the NCBI portal. Default parameters were used (expect
threshold, 10; word-size, 3; position speciﬁc scoringmatrix, BLOSUM-
62; PSI-BLAST threshold, 0.005). Iteration proﬁles were reﬁned by
selecting manually hits with e-values under the expected PSI-BLAST
threshold. To avoid spurious matches, sequences were selected based
on similar size (+/−50%). When PSI-BLAST with default parameters
failed to retrieve known complex I subunits in other lineages, less
stringent parameters (expect threshold, 100; word-size, 2) and
BLOSUM-45 matrix were selected.
Computations of molecular masses, isoelectric points and GRAVY
indexes [19] were carried out with the ProtParam tool [20] while
hydropathy proﬁles of amino acid sequences were generatedwith a 7-
AA window using the Protscale tool [19] available at the ExPaSy
molecular Biology Server (http://www.expasy.org/). Transmembrane
helices were predicted with either TMHMM 2.0 (http://www.cbs.dtu.Fig. 1. Partial multiple alignments of putative NDUFC2/B14.5B (A), NDUFB2/AGGG (B), NDU
(G) homologs in representatives of main eukaryote assemblages. See Table 2 and Supplem
Hydra magnipapillata; Sk, Saccoglossus kowalevskii; Dd, Dictyostelium discoideum; Pl, Polysph
Chlamydomonas reinhardtii; Ol, Ostreococcus lucimarinus; Ot, Ostreococcus tauri; At, Arabido
infestans; Tb, Trypanosoma brucei; Tc, Trypanosoma cruzei. Amino acids conserved in at least f
grey background. Locations of putative hydrophobic transmembrane helices are indicated udk/services/TMHMM/) or YASPIN (http://www.ibi.vu.nl/programs/
yaspinwww/) [21]. Multiple sequence alignments were performed
with eitherMUSCLE [22] or CLUSTALW2 [23] and formatted as ﬁgures
with BoxShade 3.21 (http://www.ch.embnet.org/software/BOX_form.
html). Putative subcellular localization was predicted using full-
length protein sequences with TargetP 1.1 (http://www.cbs.dtu.dk/
services/TargetP/) [24],WoLF Psort II (Protein Subcellular Localization
Prediction with WoLF PSORT (http://wolfpsort.org/) [25] and
MitoPred (http://bioapps.rit.albany.edu/MITOPRED/) [26] with a 85%
conﬁdence threshold.
Multiple sequence alignments performed with CLUSTAL W2 [23]
were submitted to HHpred analysis (http://toolkit.tuebingen.mpg.de/
hhpred) [18] with customized parameters (max iterations, 5; e-value
threshold, 0.1; minimum coverage, 10%) against all publicly available
annotated databases of hidden Markov models (HMMs) based upon
protein families.
3. Results and discussion
3.1. Among the 45 mammalian Complex I subunits, 41 to 43 are broadly
found in eukaryotes
I ﬁrst searched for the presence of the 45 mammalian complex I
subunits [1] in other eukaryotes. Recent works have separated
eukaryotes into several assemblages : Opisthokonts, Amoebozoa,
Plantae, Excavates, and Chromalveolata, a branch comprising Stra-
menopiles, Alveolata and Rhizaria [27–30] (see also Fig. 2). Since
comprehensive protein databases are available for several organismsFA7/B14.5A (C), NDUFA3/B9 (D), NDUFB1/MNLL (E), NDUFC1/KFYI (F), NDUFA4/MLRQ
entary Table S1 for accession numbers. Hs, Homo sapiens; Cg, Caligus rogercresseyi; Hm,
ondylium pallidum; Nc, Neurospora crassa; Pp, Pichia Pastoris; Ng, Naegleria gruberi; Cr,
psis thaliana; Es, Ectocarpus siliculosus; Pt, Phaeodactylum tricornutum; Pi, Phytophthora
our sequences are shown on a black background; similar residues are shown on a light-
nder the alignment.
1392 P. Cardol / Biochimica et Biophysica Acta 1807 (2011) 1390–1397in each assemblage, and to avoid misinterpretations while extrapo-
lating observations from a species to its whole group (due to, e.g.,
peculiarities of complex I in a given organism, incomplete genomic
data or mismodelled gene structures), whole taxa or subassemblies,
and not particular species, were considered. In Opisthokonts (i.e.
mainlyMetazoa and Fungi), I investigatedMammalia and Ascomyceta
separately because the most complete studies on complex I are
dedicated to these lineages. When required, I also took advantage of
the availability of sequences from non-mammalian metazoan clades
(e.g., arthropods, cnidarians) and from Basidiomyceta, but these
groups were not extensively studied. Amoebozoa, though sometimes
grouped with Opisthokonts into Unikonts (e.g .[31]), were investi-
gated separately as recent work pointed out to complex I speciﬁcities
in the slimemould Acanthamoeba castellanii [32]. Among Plantae, only
green plants (Viridiplantae) were considered. Further, land plants
(Embryophyta) and green algae (Chlorophyta) were investigated
separately because complex I had already been studied in details in
representative species (Arabidopsis and Chlamydomonas, respective-
ly). Within Excavates, most sequence data are available for kineto-
plastids (e.g. Trypanosoma brucei) and complex I has been also subject
to investigation (e.g. [33]), but since these organisms have highly
divergent sequences due to their parasitic way of life (e.g. [30,34]), I
also took advantage of the sequenced genome of Naegleria gruberi, a
widespread free-living soil and freshwater amoeboﬂagellate (Hetero-
lobosea) to study Excavates as a whole. At last, among the
Chromalveolata assemblage (Stramenopiles/Rhizaria/Alveolata), I
focussed my attention on stramenopiles because several genomes
from distant species are now available (e.g. diatoms, brown algae,
oomycetes, Blastocystis clade).
Brieﬂy,with the exceptionof a very fewsubunits (two inAmoebozoa
and a third in Excavates), PSI-BLAST analyses identiﬁed in each group
homologs of all 34 subunits, reported as conserved between mammals,
fungi andgreenplants by themost recentbiochemical studyon the topic
([6], see Table 1 and Supplemental Table 1). Most protein sequences are
present in each organism in single copy in databases and thus could be
orthologous to each other [35]. It is worth mentioning that the
identiﬁcation of a surveyed protein in a lineage does not automatically
imply that it is actually a bona ﬁde complex I subunit. As a matter of
example, mitochondrial acyl carrier protein NDUFAB1/ACPM is foundFig. 2. Schematic representation of the subunit composition evolution of mitochondrial
complex I from eukaryotes: shows the range of conserved subunits central to NADH
dehydrogenase function (14), the set of eukaryotic speciﬁc subunits (27) and the
proteins that could represent lineage/species-speciﬁc subunits or divergent functions
associated with complex I: γ-CA, γ-Carbonic anhydrase; RH, Rhodanese; ACP, acyl
carrier protein; GLDH, galactono lactone dehydrogenase; DK, deoxynucleoside kinase.
Relationship between eukaryotes assemblages is drawn from recent works [28–30].associated to complex I in Opisthokonts [1] but not in green plants [6]. It
is thus currently not possible to predict its association to complex I in
other lineages, a possibility that would require further biochemical
studies. I assume here that most of them should be complex I
components in their respective lineages.
In the following, I present detailed evidence for relationships
between predicted proteins in eukaryotic lineages and previously
identiﬁed complex I components from various sources described as
lineage-speciﬁc subunits (i.e. beyond the 34 subunits investigated
hereabove). In a former review, Huynen and coworkers had already
reported 3 additional conserved subunits between mammals, plants/
green algae and fungi (NDUFC2/B14.5b, NDUFB2/AGGG, NDUFA7/
B14.5a protein families [14]) but since no extensive datawere provided,
the3 subunitswere reinvestigatedhere separately. Amongcriteria used,
I took into account similarities in amino acid sequences, HMM proﬁles,
hydropathy proﬁles, secondary structure predictions, physico-chemical
properties, and sublocalization within complex I. Detailed data are
presented in Table 2. The mammalian nomenclature will be preferen-
tially used in the text.
3.2. NDUFC2/B14.5b protein family
A PSI-BLAST analysis using the bovine sequence or Caenorhabditis
elegans sequence (NP_497619) as query led to identify a similar and
unique sequence in all eukaryotic groups. Among retrieved sequences,
3 were previously found in association with Complex I : Neurospora
nuo10.4 (previously named nuo14 [36]), Arabidopsis NDU9 [6,37] and
Chlamydomonas Nuop1 [7,38], thus conﬁrming the broad distribution
of NDUFC2/B14.5b reported recently [14]. A multiple alignment of
non-metazoan sequences was also submitted to HMM-HMM proﬁle
comparison by HHpred, which led to retrieve NDUFC2/B14.5b protein
family. These proteins share similar properties, including conserved
hydropathy proﬁles along the multiple sequence alignment, with two
hydrophobic stretches, including one putative transmembrane helix
(Fig. 1). Both the mammalian and green plant subunits were also
located in the membrane arm of the enzyme [6,12].
3.3. NDUFB2/AGGG protein family
Recently, a homolog of mammalian NDUFB2/AGGG subunit has
been found in Arabidopsis complex I (At1g76200 gene product
[6,37]). Iterative proﬁle search starting from the plant sequence
identiﬁed putative homologs in all eukaryotes investigated and
HHpred analysis with a multiple alignment of non-metazoan
sequences as query returned the metazoan NDUFB2/AGGG protein
family. These proteins share a similar size (70–120 aa) and a central
putative hydrophobic transmembrane helix featuring several well-
conserved residues (Fig. 1). Further, both the mammalian [12] and
plant [6] subunits are located in the membrane arm of the complex. In
fungi, this small hydrophobic protein has not been found associated to
complex I [4,5,16], suggesting it may have likely escaped identiﬁca-
tion in previous analyses.
3.4. NDUFA7/B14.5a protein family
A PSI-BLAST analysis with multiple iterations starting from the
bovine B14.5a subunit also returned single hits in all eukaryotes
investigated. Fungal sequences were also found associated to complex
I in N. crassa (subunit 21.3A), Y. lipolytica and P. pastoris (NUZM)
[2,3,5] and homology between NUZM and NDUFA7/B14.5a has been
already reported by proﬁle-to-proﬁle comparison method [14]. A
reciprocal proﬁle-to-proﬁle HHpred from a multiple sequence
alignment performed with non-optisthokont identiﬁed sequences
returned to NDUFA7/B14.5a and nuo21.3A/NUZM protein families.
Mainly hydrophilic without any predicted transmembrane segment,
these proteins share a small stretch with four positively-charged
Table 1
Conserved complex I subunits in eukaryotes.
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Core subunits
1 NDUFS7/PSST/NUKM
2 NDUFS8/TYKY/NUIM
3 NDUFV2/24kD/NUHM
4 NDUFS3/30kD/NUGM
5 NDUFS2/49kD/NUCM
6 NDUFV1/51kD/NUBM
7 NDUFS1/75kD/NUAM
8 ND1/NU1M
9 ND2/NU2M
10 ND3/NU3M
11 ND4/NU4M
12 ND4L/NULM
13 ND5/NU5M
14 ND6/NU6M
Conserved accessory subunits 
15 NDUFS6/13A
16 NDUFA12/B17.2
17 NDUFS4/AQDQ
18 NDUFA9/39kDa
19 NDUFAB1/ACPM
20 NDUFA2/B8
21 NDUFA1/MWFE
22 NDUFB3/B12
23 NDUFA5/B13
24 NDUFA6/B14
25 NDUFA11/B14.7
26 NDUFB11/ESSS
27 NDUFS5/PFFD
28 NDUFB4/B15
29 NDUFA13/B16.6
30 NDUFB7/B18
31 NDUFA8/PGIV
32 NDUFB9/B22
33 NDUFB10/PDSW
34 NDUFB8/ASHI
35 NDUFC2/B14.5B
36 NDUFB2/AGGG
37 NDUFA7/B14.5A
38 NDUFA3/B9
39 NDUFA4/MLRQ
40 NDUFB5/SGDH
(41) NDUFB1/MNLL
(42) NDUFC1/KFYI
(43) NDUFA10/42kDa
(44) γ−carbonic anydrase
(45) Rhodanese
(46) Galactono -lactoneDH
Dark box, protein identiﬁed as Complex I subunit by biochemical studies; grey box,
protein identiﬁed by proﬁle-to-sequence or proﬁle-to-proﬁle comparisons; white box,
no homolog has been identiﬁed in databases. See Supplemental Table S1 for accession
numbers.
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prediction tools, land plant and green algal sequences are also
preferentially targeted to mitochondria, but these remain to be
conclusively identiﬁed as bona ﬁde complex I subunits.3.5. NDUFA3/B9 protein family
A previous proposal based on a 2-sequence alignment suggested
homology between mammal NDUFA3/B9 and fungal Nuo9.5 complex
I subunits [39] and was later supported by a proﬁle-based search
approach [13]. Here a ﬁrst PSI-BLAST analysis performed with the
human sequence returned hits for Metazoa but not in Fungi. A
subsequent PSI-BLAST analysis starting from the putative B9 sequence
of hemicordata (Saccoglossus kowalevskii XP_002736492) led to
retrieve the fungal complex I Nuo9.5/NI9M subunit as well as
sequences from other lineages. HHpred analysis performed with the
non-metazoan aligned sequences returned the metazoan NDUFA3/B9
protein family. The whole alignment indicated that at least 3 Proline
residues are present in almost all sequences. A central conserved
hydrophobic transmembrane helix is also predicted for this small
protein. Although green plant sequences have not been identiﬁed in
recent biochemical studies of complex I, the Arabidopsis counterpart
has been localized in the mitochondrial inner membrane [40].
3.6. NDUFA4/MLRQ protein family
Putative homologs of mammalian NDUFA4/MLRQ subunit were
identiﬁed by PSI-BLAST analysis in representatives of all eukaryotic
assemblages. A HHpred analysis performed with the non-metazoan
aligned sequences identiﬁed the metazoan NDUFA4/MLRQ protein
family. Retrieved sequences share similar properties and hydropathy
proﬁles with one putative transmembrane stretch in the N-terminal
part. Fungal and green plant sequences are preferentially targeted to
the mitochondrial or membrane compartments by prediction tools
although they are not yet conﬁrmed as bona ﬁde complex I subunits.
3.7. NDUFB5/SGDH protein family
An iterated proﬁle search performed with the N. crassa nuo17.8
putative homologous sequence from Cryptococcus neoformans (Basi-
diomyceta, XP_772271) led to the NDUFB5/SGDH metazoan protein
family. NDUFB5/SGDH and nuo17.8 sequences have similar size (ca.
180 aa) and hydropathy proﬁles with one putative conserved
hydrophobic transmembrane stretch. Sequence similarities are very
weak among fungi (18%) or among metazoa (22%), with almost no
conserved residues between all sequences. It is thus not surprising
that, if homologs exist beyond Opisthokonts (Fungi/Metazoa),
database mining failed to retrieve it. Interestingly a shorter protein
recently identiﬁed as component of complex I in Arabidopsis
(At1g67785 gene product) [6,37] shares similarities with mature
NDUFB5/SGDH sequences (Δ1–46 in human, [41]). This protein is
rather well conserved in land plants but has no known homolog
outside this group. A reciprocal proﬁle-to-proﬁle HHpred analysis
from the plant/fungi alignment allowed returning the NDUFB5/SGDH
protein family, thus conﬁrming that these fungal, mammalian and
plant complex I subunit might be homologs.
3.8. NDUFB1/MNLL protein family
The homology between proteins found in complexes I from
Neurospora (20.9-kDa [42]), Arabidopsis (9-kDa, At4g16450 gene
product [11]) and Chlamydomonas (Nuo21) has been previously
reported [7]. Homologs have later been found in Y. lypolitica and P.
pastoris complex I (NUXM [3,5]). Here, an iterative proﬁle search
using Chlamydomonas sequences as query identiﬁed putative
homologs in green plants, fungi, amoebozoa, stramenopiles, and
excavates, but not in metazoa. HHpred analysis performed with
aligned non-fungal sequences returned the fungal 21 (20.9) kDa
complex I subunit family. All these sequences share similar length
(100–120 aa, except fungal sequences which display a C-terminal
extension), and similar hydropathy proﬁles along the alignment with
Table 2
Physico-chemical properties of additional conserved accessory complex I subunits.
Acc. number Mw pI Gravy HMM TMHH P/M Mt
35 B14.5b / NDUFC2
Opitshokonts/Metazoa Homo sapiens NDUFC2 AAD20958 14.2 9.0 −0.39 PLN02806 (2.9E–27) (25−45),54−75 M
Opisthokonts/Fungi Neurospora crassa Nuo10.4 XP_956744 10.5 10.8 −0.39 (5−20),31−50 m
Amoebozoa Dictyostelium discoideum XP_645303 13.0 9.6 −0.45 31−50,60−80
Plantae/Embryophytes Arabidopsis thaliana NDU9 CAA18240 11.8 9.8 0.36 0−21,(29−49),75−95 M m
Stramenopiles Ectocarpus siliculosus CBN76703 9.4 9.6 −0.03 (0−18,21−39,41−60) m
Excavates Naegleria gruberi XP_002678500 12.5 9.8 −0.48 11−32,41−59
36 AGGG / NDUFB2
Opitshokonts/Metazoa Homo sapiens NDUFB2 CAG46918 12.1 5.5 −0.47 PTHR15223 (1.1E–12 ) (55−75) M m
Opisthokonts/Fungi Neurospora crassa EAA26760 12.6 9.3 −0.76 45−65
Amoebozoa Dictyostelium discoideum XP_641411 6.4 9.7 −0.23 15−32 m
Plantae/Embryophytes Arabidopsis thaliana At1g76200 ABF82600 7.6 8.9 −0.54 19−40 M m
Stramenopiles Phaeodactylum tricornutum XP_002178561 14.3 6.5 −0.91 (41−62) m
Excavates Naegleria gruberi XP_002677670 17.6 5.2 −1.00 (60−80) m
37 B14.5a / NDUFA7
Opitshokonts/Metazoa Homo sapiens NDUFA7 CAG33196 13.3 10.5 −0.79 PTHR12485 (3.8E–3) − P m
Opisthokonts/Fungi Neurospora crassa Nuo21.3a/NUZM AAA33570 21.3 7.8 −0.32 PIRSF022976 (1.2E–34) − P m
Plantae/Embryophytes Arabidopsis thaliana At5g08060 NP_196423 15.0 8.5 −0.71 − m
Plantae/Chlorophytes Ostreococcus tauri XP_001416167 14.5 9.6 −0.59 − m
Stramenopiles Ectocarpus siliculosus CBJ25711 23.4 9.4 −0.92 −
Excavates Naegleria gruberi XP_002679985 20.8 8.6 −1.04 − m
38 B9 / NDUFA3
Opitshokonts/Metazoa Homo sapiens NDUFA3 CAG46940 9.3 8.0 −0.04 PTHR15221 (1.3E–2) 19−40 M
Opisthokonts/Fungi Neurospora crassa Nuo9.5 XP_965810 13.8 10.1 −0.19 23−45 M m
Plantae/Embryophytes Arabidopsis thaliana NP_566079 6.8 9.0 0.55 15−36
Stramenopiles Phytopthora infestans XP_002908325 7.9 9.0 0.30 15−35 m
Excavates Trypanosoma brucei XP_827761 14.3 8.3 −0.18 (21−40,60−80) m
39 MLRQ / NDUFA4
Opitshokonts/Metazoa Homo sapiens NDUFA4 NP_002480 9.4 9.4 −0.38 pfam06522 (8.3E–27) 15−37 M m
Opisthokonts/Fungi Neurospora crassa XP_964881 13.7 9.5 −0.39 34−53 m
Amoebozoa Polysphondylium pallidum EFA84859 19.0 6.7 −0.55 (22−43)
Plantae/Embryophytes Arabidopsis thaliana At3g29970 NP_189632 10.4 9.8 −0.74 10−32
Stramenopiles Phytopthora infestans XP_002904576 15.4 9.0 −0.34 47−69 m
Excavates Trypanosoma cruzei XP_811749 17.5 5.5 −0.47 (0−20)
Trypanosoma cruzei Δ71–164 7.7 8.7 −0.15 (0−20)
40 SGDH / NDUFB5
Opitshokonts/Metazoa Homo sapiens NDUFB5 BAG36557 21.7 9.5 −0.16 pfam09781(1.9) 70−92 M m
Mature NDUFB5 Δ1–46 16.9 6.5 −0.36
Opisthokonts/Fungi Neurospora crassa Nuo17.8 XP_965162 20.9 7.9 −0.66
(60−80) M m
Opisthokonts/Fungi Cryptococcus neoformans XP_772271 19.6 8.0 −0.60 m
Plantae/Embryophytes Arabidopsis thaliana At1g67785 NP_683481 7.5 6.7 −0.42 (3−23) P m
41 MNLL / NDUFB1
Opitshokonts/Metazoa Homo sapiens NDUFB1 NP_004536 11.9 9.0 0.06 PTHR15222 (N.I.) 29−50,(60−80) M m
Opisthokonts/Fungi Neurospora crassa Nuo20.9/NUXM CAA43221 21.0 9.4 −0.28 PF10785 (3.8E–43)
(40−60),74−96,(140−
160) M m
Amoebozoa Dictyostelium discoideum XP_646804 13.0 9.3 −0.20 39−58,66−75 m
Plantae/Embryophytes Arabidopsis thaliana At4g16450 AAO42804 11.3 9.5 0.02 35−55,61−80 M
Plantae/Chlorophytes Chlamydomonas reinhardtii Nuo21 AAQ64641 13.4 6.9 −0.25 44−65,(75−95)
Stramenopiles Phaeodactylum tricornutum XP_002185922 17.6 10.0 −0.31 (70−90),96−113 m
Excavates Naegleria gruberi XP_002678598 13.1 9.8 −0.16 33−53,59−78
42 KFYI / NDUFC1
Opitshokonts/Metazoa Homo sapiens NDUFC1 NP_001171915 8.7 10.2 −0.27 PTHR17097 (N.I.) (40−60) M m
Opitshokonts/Metazoa Caligus rogercresseyi (Arthropoda) ACO11094 7.7 10.6 −0.12 33−52 m
Opitshokonts/Metazoa Hydra magnipapillata(Cnidaria) XP_002161174 9.3 9.8 −0.53 31−48 m
Opitshokonts/Metazoa Trichoplax adhaerens(Placozoa) XP_002115310 6.7 9.9 −0.04 30−49 m
Opisthokonts/Fungi Pichia Pastoris NUUM CBI83573 8.3 9.4 −0.61 (30−50)
Amoebozoa Dictyostelium discoideum XP_640774 10.5 9.4 −0.65 (30−50) m
Plantae/Embryophytes Arabidopsis thaliana At4g00585 NP_567180 9.9 9.5 −0.59 37−56 M
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
Stramenopiles Phytopthora infestans XP_002901720 10.2 9.7 −0.30 59−81 m
Subunit name and accession number in correspondence with Table 1 and Supplemental Table S1; Accession number refers to NCBI database.Mw/Pi: molecular weight and isoelectrical
points based on full-length sequences. GRAVY (Grand average of hydropathicity) index indicates the solubility of the proteins: positive GRAVY (hydrophobic), negative GRAVY
(hydrophilic). HMM, Hidden Markov Model protein families identiﬁed (with e-value into brackets) by HHpred analysis from a multiple sequence alignment performed with
sequences on a grey background; N.I. indicates that the mammalian family could not be identiﬁed by the analysis. TMHH, putative transmembrane hydrophobic helix positions are
given in amino acids based on full-length sequences; hydrophobic stretches are indicated into brackets. P/M, Localization within Complex I: P, Peripheral/matricial arm; M,
Hydrophobic/membrane arm [2,4,14,40]. Mt, prediction of mitochondrial targeting; m, predicted mitochondrial by at least one prediction program (see Methods).
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transmembrane helix; Fig. 1). Among remaining mammal-speciﬁc
complex I subunits, NDUFB1/MNLL shares 24% identities and 44%
similarities with the Neurospora sequence, and 11% and 26% with the
Arabidopsis polypeptide. This subunit is found in several metazoan
clades [13,14,43] but no homolog in distant lineages could be
identiﬁed by iterative proﬁle comparison searches. Metazoan
NDUFB1/MNLL and other NUXM eukaryotic sequences have the
same hydropathy proﬁles featuring two putative hydrophobic
transmembrane helices. Interestingly the mammal and plant proteins
were also identiﬁed as components of the membrane hydrophobic
part [6,12]. Further, disruption of the fungal subunit prevents the
assembly of complex I which is replaced by the matricial arm and a
small membrane subcomplex, hence suggesting that this subunit
belongs to the membrane arm [42].
3.9. NDUFC1/KFYI protein family
PSI-BLAST or HHpred analyses performed with the mammalian
NDUFC1/KFYI sequence failed to identify putative homologs beyond
bilaterian Metazoa. Interestingly, a PSI-BLAST search with NUUM
subunit from the yeast P. pastoris[5] indicates that NUUM is broadly
distributed in amoebozoa, green plants (A. thaliana complex I
At4g00585 [6,37]), Stramenopiles, and in Opisthokonts that do not
possess a NDUFC1/KFYI homolog : fungi (e.g. Yarrowia complex I
NUUM [4]), Choanoﬂagellida (Monosiga brevicollis, XP_001744229)
and non-bilaterian Metazoa (e.g. Cnidaria Hydra magnipapillata,
XP_002161174; Placozoa Trichoplax adhaerens, XP_002115310).
Both NUUM and NDUFC1/KFYI subunits share similar physico-
chemical properties: about 80 aa with a probable central hydrophobic
transmembrane helix, and an isoelectrical point rather basic (9.5 to
10.5). A multiple sequence alignment between NDUFC1/KFYI and
NUUM counterparts revealed similarities (Fig. 1) and positively
identify the NDFUC1/KFYI protein family by HHpred analysis.
In the cases of NDUFB1/MNLL/NUXM and NDUFC1/KFYI/NUUM
putative protein families, even if the proposed relationships are not
supported by proﬁle-to-sequence or proﬁle-to-proﬁle comparison
tools, several facts support the idea that these proteins are likely
homologs which have evolved very fast in the metazoan lineage,
rather than structural analogs : (i) these proteins are found associated
to complex I by biochemical approaches in fungi, plants andmammals;
(ii) they share similar secondary structures and physico-chemical
properties; (iii) NUUM and NUXM are widely distributed in non-
metazoan eukaryotes and thus should be present in the last eukaryotic
common ancestor (LECA); (iv) according to the most parsimonious
scenario, it is unlikely that NUUM and NUXM have been lost in the
metazoan lineage while NDUFB1 and NDUFC1 have been recruited.
3.10. NDUFA10/42 kDa protein family
The mammalian NDUFA10/42 kDa complex I subunit belongs to
the deoxynucleoside kinase family present in almost all eukaryote
assemblages investigated so far. This subunit has been only found
associated to complex I in mammals [1] and is notably absent from
fungal genomes [13,14]. In the case of a large hydrophilic subunit, it is
not reasonable to postulate that it escaped identiﬁcation in species
subjected to complex I biochemical characterization.
3.11. Is there any lineage-speciﬁc subunits?
Similarly to acyl carrier protein (NDUFAB1/ACPM) and deoxyr-
ibonucleoside kinase-like subunit (NDUFA10/42 kDa) in mammals,
other proteins are not speciﬁc to a particular lineage (see Table 1, and
Supplemental Table S1) while their association to complex I might
rather be speciﬁc to limited groups or species : Galactono-lactone
dehydrogenase (GLDH) in land plants [6,11], rhodanese (thiosulfate:cyanide sulfur transferase, ST1) in Y. lipolytica [4,44] or γ-carbonic
anhydrases in amoebozoa and green plants [6,7,32].
After the above analysis, very few bona ﬁde complex I subunits
remain speciﬁc to a lineage. In mammals, NDUFB6/B17 and
NDUFV3/10 kDa putative homologs are widely found in metazoan
genomes [13,14,43]. The very low degrees of sequence similarity
among Metazoa, with only few residues conserved (data not shown)
could explain why PSI-BLAST or HHpred analyses performed from
these sequences failed to identify sequences in non-metazoan
organisms. In fungi, Yarrowia NUNM (139 aa) [45], Pichia NUSM
(182 aa) and NUTM (82 aa) [5] proteins were identiﬁed but none of
them has counterpart in sequences databases, even in closely related
fungal species (data not shown). This would indicate either a very late
acquisition or erroneous protein predictions, and in any case,
homologs may not exist in other lineages. The same reasoning applies
for species-speciﬁc subunits NUOP4 and NUOP5 that were found
associated to Chlamydomonas complex I [7,38]. Among the 12 different
types of greenplant-speciﬁc subunits described recently (Klodmann et
al. [6]; Meyer et al. [37]), only 2 small hydrophobic proteins
(At5g14105 and At1g67350 gene products) remains candidates to
the speciﬁcity. These proteins are widely present in the green lineage
(data not shown) but no similar sequences could be identiﬁed in other
lineages by the present approaches. It is tempting to speculate that
these proteins actually represent structural analogs of other remaining
non-conserved components in other species, but it is difﬁcult to decide
in the absence of broadly sampled structural information for complex I.
4. Conclusions and perspectives
This extensive search for putative complex I homologous subunits
in eukaryotes leads to the proposal that mitochondrial complex I is
highly conserved among eukaryotes, with more than 40 conserved
components. This ﬁnding has several implications for complex I-
related studies.(i) Most subunits that were so far considered as speciﬁc to various
lineages are rather highly divergent homologs. Notably, all 45
mammalian subunits but 2 would possess homologs in other
eukaryotic lineages, Hence, the role of several subunits in
complex I activity and assembly deciphered in mutants of N.
crassa could now be extrapolated to non-fungal eukaryotes
(Nuo21.3a/NDUFA7/B14.5A [46]; Nuo10.4/NDUFC2/B14.5b
[2,36]; Nuo20.9/NDUFB1/MNLL [42]). The other newly-identiﬁed
conserved components (e.g. NDUFB5/SGDH, NDUFB2/AGGG,
NDUFC1/KFYI, NDUFA4/MLRQ) probably play yet to elucidate
conserved functions ineukaryotes. In this respect,most complex I
homologs highlighted in this work are small hydrophobic
proteins whose secondary structures (mainly hydrophobic
transmembrane helices), rather than their primary amino
sequence (with exception of some residues) are probably pivotal
for their function within complex I.
(ii) From a structural point of view, the conservation of most
complex I subunits in eukaryotes is in good agreement with the
similar 3-D shapes obtained for plant, fungal and mammalian
complex I by electron microscopy studies [e.g. 47–49]. It also
suggests that the recent X-ray cartography performed on
Yarrowia complex I, revealing a membrane arm with 71
transmembrane helices, including a helix parallel to the
membrane plane that could play a role in the coupling between
electron transfer and proton translocation [50] and the recent
model of subunit arrangement in the membrane part of
Yarrowia complex I [4] are highly relevant for understanding
complex I from other sources.
(iii) Another prediction from the very similar complex I subunit
composition in eukaryotes is that themachinery required for its
1396 P. Cardol / Biochimica et Biophysica Acta 1807 (2011) 1390–1397assembly iswell conserved among eukaryotes.Most of themare
found in sequence databases for most eukaryotic lineages [14].
Large efforts have been made during the last decade to
identify chaperones and other proteins involved in the
assembly/stability of such amassive protein complex. However,
no more than ten assembly factors have been identiﬁed so far
andmost research efforts involvedmammalian cell models [e.g.
51–54]. The conserved subunit composition of complex I
supports the use of various alternative model systems (e.g.
Chinese hamster [55], worm C. elegans [56], green plants [57], or
yeasts [2,58]) in attempts to decipher complex I assembly steps
and identify chaperones whose deﬁciencies in human could
lead to severe diseases.
(iv) Reinforcing a previous proposal [13], the present ﬁndings
indicate that complexiﬁcation of mitochondrial complex I did
not occur progressively during speciation of eukaryotic lineages
but rather that all conserved accessory subunitsmight originate
from events that happened in the stem branch leading to the
ancestor of all extant eukaryotes, and were therefore likely
present in the very last eukaryotic common ancestor (LECA).
This situation is similar to the one described for mitochondrial
ribosome, where more than 70 subunits could be present in
LECA, among which 19 are speciﬁc to the eukaryotic lineage
[59]. In this respect, in addition to the classical 14 subunits set of
bacterial complex I, Gabaldon and coworkers were able to trace
the α-proteobacterian origin of 5 extra-subunits [13], two of
which (NDUFA12/B17.2 and NDUFS6/13 kDa), in addition of a
third (NDUFS4/AQDQ),were recently found associatedwith the
complex I of the α-proteobacterium Paracoccus denitriﬁcans
[10], and were thus likely present in the alphaproteobacterial
ancestor of mitochondria.
Some incidental associations of proteins to complex I may have
later occurred (after LECA) during distinct eukaryotic evolutionary
lineages. These events can be classiﬁed in two types: ﬁrstly, some
proteins apparently speciﬁc to a lineage or a species, for which it is
difﬁcult at this stage to determine whether they are real speciﬁc
subunits, artefacts, or highly divergent homologs; secondly, proteins
with putative notable enzyme activities that are widely found in
eukaryotes and anchored to complex I in distinct lineages or species.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbabio.2011.06.015.Acknowledgements
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